Gagnon KB, England R, Diehl L, Delpire E. Apoptosis-associated tyrosine kinase scaffolding of protein phosphatase 1 and SPAK reveals a novel pathway for Na-K-2C1 cotransporter regulation. Am J Physiol Cell Physiol 292: C1809 -C1815, 2007. First published 31 January 2006; doi:10.1152/ajpcell.00580.2006.-Previous work from our laboratory and others has established that Ste-20-related proline-alanine-rich kinase (SPAK/PASK) is central to the regulation of NKCC1 function. With no lysine (K) kinase (WNK4) has also been implicated in the regulation of NKCC1 activity through upstream activation of SPAK. Because previous studies from our laboratory also demonstrated a protein-protein interaction between SPAK and apoptosis-associated tyrosine kinase (AATYK), we explore here the possibility that AATYK is another component of the regulation of NKCC1. Heterologous expression of AATYK1 in NKCC1-injected Xenopus laevis oocytes markedly inhibited cotransporter activity under isosmotic conditions. Interestingly, mutation of key residues in the catalytic domain of AATYK1 revealed that the kinase activity does not play a role in the suppression of NKCC1 function. However, mutagenesis of the two SPAK-binding motifs in AATYK1 completely abrogated this effect. As protein phosphatase 1 (PP1) also plays a central role in the dephosphorylation and inactivation of NKCC1, we investigated the possibility that AATYK1 interacts with the phosphatase. We identified a PP1 docking motif in AATYK1 and demonstrated interaction using yeast-2-hybrid analysis. Mutation of a key valine residue (V1175) within this motif prevented protein-protein interaction. Furthermore, the physical interaction between PP1 and AATYK was required for inhibition of NKCC1 activity in Xenopus laevis oocytes. Taken together, our data are consistent with AATYK1 indirectly inhibiting the SPAK/WNK4 activation of the cotransporter by scaffolding an inhibitory phosphatase in proximity to a stimulatory kinase. ion fluxes; Xenopus laevis oocytes; yeast-2 hybrid; phosphorylation PROTEIN KINASES and protein phosphatases exert coordinated control over many essential cellular processes by catalyzing opposing reversible phosphorylation reactions (37). The Na-K-2Cl cotransporter (NKCC1) is a membrane transport protein involved in cell volume regulation, cell proliferation and survival, epithelial transport, neuronal excitability, and blood pressure control (for review, see Ref. 33). Several studies suggest that the regulation of NKCC1 activity by phosphorylation/dephosphorylation mechanisms involves multiple kinases and phosphatases (22). Recent work from our laboratory (29, 30) has identified an association between the widely expressed NKCC1 and two Ste20p-like serine/threonine kinases, Ste20p-related proline alanine-rich kinase (SPAK) and oxidative stress response 1 (OSR1). SPAK/OSR1 mediates phosphorylation of NKCC1 leading to its activation.
PROTEIN KINASES and protein phosphatases exert coordinated control over many essential cellular processes by catalyzing opposing reversible phosphorylation reactions (37) . The Na-K-2Cl cotransporter (NKCC1) is a membrane transport protein involved in cell volume regulation, cell proliferation and survival, epithelial transport, neuronal excitability, and blood pressure control (for review, see Ref. 33) . Several studies suggest that the regulation of NKCC1 activity by phosphorylation/dephosphorylation mechanisms involves multiple kinases and phosphatases (22) . Recent work from our laboratory (29, 30) has identified an association between the widely expressed NKCC1 and two Ste20p-like serine/threonine kinases, Ste20p-related proline alanine-rich kinase (SPAK) and oxidative stress response 1 (OSR1). SPAK/OSR1 mediates phosphorylation of NKCC1 leading to its activation. Importantly, Ste20p-likep kinases are themselves under the control of upstream kinases, such as with no lysine (K) kinases, WNK1 and WNK4, suggesting a cascade of phosphorylation events involving multiple kinases (15, 26, 35) .
In 1997, Gaozza and coworkers identified a novel gene whose expression was dramatically upregulated during growth arrest and apoptosis of myeloid cells. This gene encodes for a putative tyrosine kinase that the authors termed apoptosisassociated tyrosine kinase (AATYK) (16) . Murine AATYK1 consists of 1,317 amino acids with an amino terminal putative kinase domain and a long carboxyl-terminal "regulatory" domain. Recently, a review of human tyrosine kinases identified the location of genes encoding three separate AATYKs: AATYK1 on human chromosome 17, AATYK2 (or BREK/ KPI-1/CPRK) on chromosome 7, and AATYK3 on chromosome 19 (32) . Their sequence analysis reveals a conserved serine residue NH 2 -terminal to the DLALRN motif, suggesting the possibility that AATYKs are multispecific kinases (functioning as both a Y and S/T kinase). AATYKs possess several potential SH3 domain binding sites (PxxP-motifs) in the COOH-terminal region, indicating multiple potential sites of protein interaction. Unlike the cytosolic AATYK1, AATYK2 and AATYK3 contain two conserved hydrophobic sequences in their NH 2 -terminus that may facilitate membrane localization (19) .
AATYK1 is a nonreceptor type tyrosine kinase, which is predominantly expressed in adult brain, but also found at lower levels in tissues such as kidney, heart, lung, liver, and skeletal muscle (16, 34) . Along with apoptotic function, AATYK1 has also been shown to promote neuronal differentiation (3, 19, 31) . We recently demonstrated protein-protein interaction between AATYK1 and SPAK and identified two putative (R/KFxV/I) binding motifs within the regulatory domain of AATYK1 (29) . The presence of these SPAK binding motifs, along with the SH3 binding motifs suggests that AATYK1 likely interacts with a variety of proteins that modulate intracellular signaling (4) .
In this study, we demonstrate that heterologous expression of AATYK1 and NKCC1 in Xenopus laevis oocytes results in a significant reduction in cotransporter activity. Because of the putative interaction between AATYK1 and SPAK, which likely occurs at one or both of the regulatory domain binding motifs, we postulate that AATYK1 modulates NKCC1 function through its interaction with the Ste20 kinase.
EXPERIMENTAL PROCEDURES
Cloning of mouse protein phosphatase 1 . The open reading frame of mouse protein phosphatase 1 (PP1) was amplified from cDNA reverse transcribed from mouse brain using sense and antisense oligonucleotide primers. Adaptors made of complimentary oligonucleotides (SpeI-EcoRI at the 5Ј end and XhoI-KpnI at the 3Ј end) were used to move the full-length mouse PP1 into the yeast pACT2 and pGBDUc2 vectors. Full-length PP1 was also subcloned into the mammalian expression vector pCDNA3 containing a 5Ј hemagglutinin (HA) epitope.
Cloning of mouse AATYK1. Sense and antisense oligonucleotide primers were designed to amplify, by PCR, the open reading frame of mouse AATYK1 in two pieces ϳ2,000 bp each. High-fidelity, longrange PCR was performed using cDNA reverse transcribed from mouse brain, Expand Long Template PCR buffer, and DNA polymerase mix (Roche Applied Science, Indianapolis, IN). After separation of the PCR reactions using 1% agarose gel electrophoresis, we gel extracted (Qiagen, Valencia, CA) the two ϳ2,000-bp bands and ligated each of them into the TA cloning vector pGEM-Teasy (Invitrogen, Carlsbad, CA). Several clones were isolated to verify proper sequence, and a full-length AATYK1 clone free of mutations was assembled from two of these clones and inserted into the Xenopus laevis pBF expression vector using EcoRI-NotI restriction sites.
Mutagensis of mouse AATYK1. We subcloned a 151 bp NarI-NcoI fragment of the mouse AATYK1 cDNA into a pBSK vector containing a modified multiple cloning site. Then, we mutated the two putative SPAK-binding motifs (RFTV and RFSI) using forward and reverse PCR primers that altered the phenylalanine-1280 residue and phenylalanine-1290 residue into alanines, respectively (QuickChange; Stratagene, La Jolla, CA). The parental DNA was digested with DpnI to cleave methylated GATC sequences. After DpnI treatment of the PCR reaction, a 1-l aliquot was transformed into Escherichia coli. Several clones were isolated to verify proper sequence and mutation. The NarI-NotI fragment was then reinserted into the original AATYK1 clone, creating AATYK1 (F1280A;F1290A) in pBF and pACT2 vectors. We also mutated conserved residues that are key to the catalytic activity of AATYK. Complementary sense and antisense oligonucleotides containing the codon GAG (Glu) instead of AAG (Lys) were used to mutate a 400-bp EcoRI-ApaI fragment from mouse AATYK1 subcloned into pBSK. Similarly, two aspartic acid residues (D206, D224) were also mutated into alanine residues in a 654-bp NcoI-SacII fragment from mouse AATYK1. The mutated EcoRI-ApaI and NcoI-SacII fragments were then reinserted into the original clone in pBF. Finally, we mutated a key valine residue in the PP1 docking motif of AATYK1. Complementary sense and antisense oligonucleotides containing the codon GCG (Ala) instead of GTG (Val) were used to mutate a 655-bp EagI-EagI fragment from mouse AATYK1 subcloned into pBSK. After confirmatory sequencing, the mutated EagI-EagI fragment was then reinserted into the original clone in pBF and pGBDUc2 vectors. With the use of forward and reverse PCR primers, a 436-bp fragment was generated to introduce the c-myc epitope at the NH2-terminus of AATYK1. With the use of EcoRI and ApaI, the PCR fragment was then substituted into the original AATYK1 clone in pCDNA3. COOH-terminal fragments containing the SPAK and PP1 binding motif mutations were then subcloned into the wild-type c-myc-tagged AATYK1 construct using SacII and NotI restriction enzymes.
Yeast two-hybrid. Full-length PP1 and portions of PCR-amplified NKCC1 or AATYK1 were inserted in the Gal4 binding domain yeast vector (pGBDUc2) and transformed into competent PJ69-4A yeast. Competent yeast colonies containing PP1, NKCC1, or AATYK1 in pGBDUc2 were selected from single dropout (Ϫuracil) plates. These were then transformed with either the regulatory domain of SPAK, full-length WNK4, full-length PP1, or regulatory domain of AATYK1 inserted in the GAL4 activating domain yeast vector (pACT2). The transformed yeast were plated on double-dropout (Ϫuracil, Ϫleucine) plates as a control for measuring transformation efficiency and triple dropout (Ϫuracil, Ϫleucine, Ϫhistidine) plates to select for proteinprotein interaction. Yeast survival was assessed after 2-4 days at 30°C.
Immunoprecipitation and Western blot analysis. Human embryonic kidney (HEK293-FT) cells were transfected with HA-tagged PP1, wild-type SPAK, and one of three c-myc-tagged AATYK1s (wt, F1280A ϩ F1290A, and V1175A) in pCDNA3 at a ratio of 1 DNA: 3 fugene 6 (Roche). Transfected cells were incubated at 37°C/5% CO2 for 48 h, then lysed with a buffer containing 150 mM NaCl, 50 mM Tris-Cl, 2 mM EDTA, and 1% (vol/vol) Nonidet P-40. Cell lysates were incubated with either monoclonal anti-c-myc, anti-HA, or polyclonal anti-SPAK antibodies overnight at 4°C. Protein A sepharose beads were then added and incubated for an additional 2 h at 4°C. After several washes in lysis buffer, the beads were resuspended in Laemmli sample buffer and denatured at 70°C for 15 min. Immunoprecipitations were then resolved by 9% SDS-PAGE and electroblotted onto polyvinylidene difluoride (PVDF) membranes. Membranes were blocked for 2 h at room temperature with 5% nonfat dry milk in TBST (150 mM NaCl, 10 mM Tris ⅐ HCl, 0.5% Tween 20). Membranes were then subjected to either anti c-myc, anti-HA, or anti-SPAK antibodies (1:1,000) in TBST/5% nonfat dry milk overnight at 4°C, washed extensively in TBST, and incubated for 1 h with horseradish peroxidase-conjugated secondary antibodies (1:5,000) in TBST/5% nonfat dry milk. After extensive washing, protein bands were visualized by enhanced chemiluminescence (ECL plus, Amersham Biosciences, Piscataway, NJ).
cRNA synthesis. All cDNA clones in pBF were linearized with MluI and transcribed into cRNA using a transcription system (mMESSAGE mMACHINE SP6; Ambion, Austin, TX). RNA quality was verified by gel electrophoresis (1% agarose/0.693% formaldehyde), and RNA was quantitated by measurement of absorbance at 260 nm.
Isolation of Xenopus laevis oocytes. Stages V and VI Xenopus laevis oocytes were isolated from 8 different frogs as previously described (15, 29) and maintained at 16°C in modified L15 medium (Leibovitz's L15 solution diluted with water to a final osmolarity of 195-200 mOsM and supplemented with 10 mM HEPES and 44 g gentamicin sulfate). Oocytes were injected on day 2 with 50 nl water containing 15 ng of NKCC1 cRNA and on day 3 with 50 nl of water containing 10 ng of each kinase cRNA. Control oocytes were injected with 50 nl of water. 86 Rb uptakes were performed on day 5 postisolation.
Assessment of mouse NKCC1 expression in oocyte plasma membranes. The surface expression of NKCC1 in the oocyte plasma membrane was measured by fluorescence using an EGFP-NKCC1 construct (15) . Individual oocytes were monitored for EGFP fluorescence using a Zeiss confocal laser-scanning microscope LSM510 (Plan-Apochromat ϫ5 objective, 0.16 numerical aperture lens). Excitation wavelength was set at 488 nm, and emission signals were collected using a 505 nm band-pass filter. Gain and offset were manually adjusted to contain the EGFP fluorescence signal within the 0 -215 intensity range of the 8-bit gray density scale. We captured a Z-stack of six optical slices near the middle of the oocyte and chose a single optical section with the largest diameter, indicative of the equatorial center of the oocyte. These settings were used to assess fluorescence of EGFP-NKCC1 in the presence and absence of AATYK1.
K ϩ uptakes in Xenopus laevis oocytes. Groups of 20 oocytes in a 35-mm dish were washed once with 3 ml of isosmotic saline composed of (in mM) 96 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, and 5 HEPES buffered to pH 7.4, and preincubated for 15 min in 1 ml of the same isosmotic saline containing 1 mM ouabain. The solution was then aspirated and replaced with 1 ml isosmotic flux solution containing 5 Ci 86 Rb. Two 5-l aliquots of flux solution were sampled at the beginning of each 86 Rb uptake period and used to determine specific activity. After 1-h uptake, the radioactive solution was aspirated and the oocytes were washed 4 times with 3 ml ice-cold isosmotic solution. Single oocytes were transferred into glass vials, lysed for 1 h with 200 l 0.25N NaOH, neutralized with 100 l glacial acetic acid, and 86 Rb tracer activity was measured by ␤-scintillation counting. NKCC1 flux is expressed in nanomoles K ϩ /oocyte/h.
Statistical analyses. Differences between
86 Rb uptake groups were tested by one-way ANOVA, followed by multiple comparison using Student-Newman-Keuls, Bonferroni, and Tukey's post tests. P Ͻ 0.001 was considered to be very significant.
RESULTS
A yeast-2-hybrid screen of a mouse brain library of XhoI-(dT) primed clones inserted in pACT2 identified AATYK1 as a protein interacting with the regulatory, carboxyl-terminal end of SPAK (29) . AATYK1 was also identified in a genome-wide screen as a protein containing two [S/V/G]RFx[V/I]xx[T/S/I/ V]xx motifs (8) . As we previously demonstrated that SPAK regulation of NKCC1 activity requires the presence of WNK4, a kinase acting upstream of SPAK (15), we first examined the possibility that AATYK1 also regulates NKCC1 activity. AATYK1 was cloned from mouse brain using RT-PCR, sequence verified and subcloned into the Xenopus laevis oocyte vector pBF. Oocytes were then injected with water or mouse NKCC1 cRNA in the presence or absence of AATYK1 cRNA. As indicated in Fig. 1 , AATYK1 markedly inhibited the function of both endogenous frog as well as overexpressed mouse cotransporter. The levels of K ϩ ( 86 Rb) uptakes were close to those measured in the presence of 20 M bumetanide (Fig. 1) . The nearly complete inhibition of NKCC1 activity observed by the presence of AATYK1 suggested the possibility that trafficking of the cotransporter to the plasma membrane might be impaired. We previously used an enhanced green fluorescent protein (EGFP)-tagged NKCC1 to confirm that SPAK/WNK4 did not alter cotransporter trafficking to the membrane (15) . Confocal microscopy of Xenopus laevis oocytes co-expressing the same construct and AATYK1 revealed no difference in EGFP-NKCC1 expression in or near the plasma membrane ( Fig. 2A) . Although this method was validated using a membrane-specific fluorescent dye, FM 4 -64 (24), this method is not definitive and might not exclude the possibility that the EGFP-NKCC1 signal originates from submembranous vesicles. In addition, the presence of the EGFP tag to the NH 2 terminus of NKCC1 did not alter the inhibitory effect of AATYK1 on cotransporter activity (Fig. 2B vs.  Fig. 1 ).
To determine whether the catalytic activity of AATYK1 plays a role in the inhibition of NKCC1, we mutated conserved residues that are key to the catalytic activity of the kinase. The first mutant, K109E, targets a conserved lysine residue highly conserved in all protein kinases, which interacts with the ␤ phosphate of ATP. When this conserved residue is mutated, AATYK1 was still capable of inhibiting cotransporter activity to the same extent than wild-type AATYK1 (Fig. 3) . We also mutated two key aspartic acid residues: the first, D206A, targets the conserved catalytic aspartate in the catalytic loop (18) , whereas the second, D224A, is responsible for chelating a magnesium ion that positions the phosphates for phosphotransfer (1, 27) . Both additional catalytic mutants behaved similarly to the first mutant and wild-type AATYK1, inhibiting NKCC1 function (Fig. 3) . In addition, co-expression of SPAK/ WNK4 with each of the catalytically inactive AATYK1 mutants could only stimulate NKCC1 activity to levels similar to those observed with wild-type AATYK1 (Fig. 3) .
Given that neither membrane trafficking nor the catalytic activity of AATYK1 appears responsible for the observed inhibition of NKCC1 function, we performed a yeast-twohybrid analysis to identify possible accessory proteins which may be components of the regulatory cascade. Yeast twohybrid analysis between AATYK1 and NKCC1 showed no protein-protein interaction between the cytosolic tails of the cotransporter and AATYK1 (Fig. 4, A and B) . The presence of two SPAK binding motifs in the extreme COOH-terminus of AATYK1 suggests that inhibition of NKCC1 activity may involve the Ste20-related serine/threonine kinase. The regulatory domain of SPAK positively interacts with the regulatory domain of AATYK1 (Fig. 4C) , confirming our previously reported data (29) . However, when the phenylalanine residue within each SPAK binding motif was mutated into an alanine residue, no positive interaction was observed between SPAK and the mutant AATYK1 (Fig. 4D) .
Regulation of NKCC1 activity has been linked to the state of phosphorylation of key threonine residues in the NH 2 terminus of the cotransporter (7, 14, 36) . The use of specific pharmacological inhibitors, such as calyculin A, suggests a role for PP1 in the dephosphorylation and inhibition of cotransporter activity. In addition, studies by the Forbush group found NKCC1 co-immunoprecipitating with PP1 (6). However, our yeast two-hybrid analysis did not demonstrate protein-protein interaction between the NH 2 or COOH terminus of NKCC1 and PP1 (Fig. 4, E and F) . We identified within AATYKI a putatively strong PP1 binding motif (KKKxVxFxD) within the regulatory COOH-terminus, upstream of the two SPAK binding motifs (5). Using yeast two-hybrid analysis, we demonstrated protein-protein interaction between full-length PP1 and the regulatory domain of AATYK1 (Fig. 4G ). Because previous studies have demonstrated that mutation of the valine residue in the PP1 binding motif completely disrupts docking (25), we mutated V1175 of AATYK1 into an alanine residue. Here we demonstrate absence of interaction of this PP1-deficient AATYK1 mutant with PP1 (Fig. 4H) . Despite the absence of a putative PP1 binding motif in either SPAK or WNK4, we also tested whether full-length PP1 interacted with either kinase. We observed no interaction between PP1 and SPAK or PP1 and WNK4 (data not shown).
To confirm the physical interaction observed among AATYK1, SPAK, and PP1, we performed co-immunoprecipitation studies using mammalian HEK-293 cells transfected with c-myc-tagged wild-type or mutant AATYK1s, together with HA-tagged PP1 and wild-type SPAK. Confirmation of protein expression is shown using immunoprecipitation of cell lysates with either a monoclonal anti-c-myc, polyclonal anti-SPAK, or monoclonal anti-HA antibodies, followed by Western blot analysis (Fig. 5A) . Co-immunoprecipitations of cell lysates with anti-c-myc antibody followed by immunoblotting with either anti-HA antibody (Fig. 5B) or anti-SPAK antibody (Fig. 5C ) confirm the protein-protein interactions identified through our yeast two-hybrid studies. We also took advantage of our AATYK1 mutants harboring the PP1 binding motif substitution V1175A, and the SPAK binding motif substitutions F1280A and F1290A. When the respective PP1 and SPAK binding motifs in AATYK1 are mutated, the proteins can no longer co-immunoprecipitate (Fig. 5B, lane 2 and 5C,  lane 3) .
The absence of any yeast two-hybrid interaction between AATYK1 and the cotransporter, taken together with the positive interaction among AATYK1, SPAK, and PP1, suggests that AATYK1 exerts its effect on the cotransporter through either SPAK, PP1, or both. In the absence of SPAK-AATYK1 interaction, we observed no inhibition of NKCC1 function by AATYK1 (Fig. 6) . In addition, when SPAK and WNK4 were co-expressed with the SPAK binding-deficient AATYK1 mutant and the cotransporter, we observed levels of NKCC1 activity similar to those observed with cotransporter alone (Fig.  6 ). These data indicate that the expression of SPAK alleviates the inhibitory effect of AATYK1 on cotransporter activity, and/or that the expression of AATYK1 reduces the activation of cotransporter function by SPAK and WNK4. When the PP1-deficient mutant form of AATYK1 (V1175A) was injected in Xenopus laevis oocytes, we also observed less co- transporter inhibition compared with wild-type AATYK1 (Fig.  6 ). In addition, coexpression of SPAK/WNK4 with the mutant AATYK1 resulted in a stimulation of NKCC1 activity similar to that observed in the absence of AATYK1 or with the SPAK binding-deficient form of AATYK1 (Fig. 6) .
DISCUSSION
Cation-chloride cotransporters play major roles in ion absorption and secretion, cell volume regulation, cell survival and proliferation, neuronal excitability and control of blood pressure. NKCC1, in particular, is intimately involved with all these important biological processes, and as with most transport mechanisms, its regulation is rather complex. Elucidating thesignalingtransductionpathwaysinvolvedinphosphorylation/ dephosphorylation of the cotransporter is critical for understanding the regulation of the cotransporter and understanding its activation at the molecular level. Our laboratory and others have started identifying some of the molecules that interact and regulate the cotransporter (2, 10, 13, 15, 26, 29, 30, 35, 36) . Among them are: SPAK and OSR1, the WNK kinases WNK1, WNK3, and WNK4, and now as a result of this study, AATYK1, a brain-enriched putative tyrosine kinase.
We previously demonstrated that the stimulatory effect of WNK4 on cotransporter function was due to a WNK4/SPAK Fig. 4 . Yeast 2-hybrid analysis showing the interactions among NKCC1, SPAK, protein phosphatase 1 (PP1), and AATYK1. Yeast transformed with different cDNA clones was plated onto agar plates lacking essential nutrients: uracil (Ura), leucine (Leu), and/or histidine (His). For each pair, the first clone was fused to the GAL4-activating domain in pACTII, and the second clone was fused to the GAL4-binding domain in pGBDUc2. A, AATYK1 ϩ NKCC1_NT; B, AATYK1 ϩ NKCC1_CT; C, SPAK ϩ AATYK1; D, SPAK ϩ AATYK1 (SPAK binding-deficient mutant); E, PP1 ϩ NKCC1_NT; F, PP1 ϩ NKCC1_CT; G, PP1 ϩ AATYK1; H, PP1 ϩ AATYK1 (PP1 binding-deficient mutant). Left, control plate lacking two essential nutrients (uracil and leucine) to demonstrate transformation efficiency. Right, yeast survival exists only upon interaction between the GAL4 fusion proteins translated from each clone. NKCC1_NT and NKCC1_CT are the NH2 and COOH termini of the cotransporter, respectively. Each experimental condition was repeated twice with identical results. interaction, and not a result of WNK4/NKCC1 interaction (15) . On the basis of the premise that AATYK1 is a putative protein kinase and that it interacts with SPAK (29), we examined its effect on NKCC1 function. Our data demonstrate that AATYK1 expression completely abolishes both Xenopus and murine NKCC1 function by affecting their activity, without apparent effect on trafficking within the resolution of the fluorescent assay. As both SPAK and WNK4 affect NKCC1 function through their catalytic activities (15), we examined whether AATYK1 also requires its kinase activity to modulate NKCC1 function. We independently mutated three residues highly conserved in kinases and critical for their catalytic function: a lysine residue that interacts with the ␤ phosphate of ATP (K109), an aspartic acid residue conserved in the catalytic loop (D206) shown by Tomomura and coworkers (34) to prevent autophosphorylation of AATYK1, and another aspartate residue responsible for chelating magnesium (D224). In each case, the AATYK1 mutants inhibited NKCC1 function to an extent similar to wild-type AATYK1 alone or when SPAK and WNK4 are coexpressed. Thus, our results clearly indicate that the catalytic function of AATYK1 is not involved in cotransporter inhibition. Based on these results, the next logical hypothesis is that the AATYK1 effect was mediated through interactions with other proteins. We previously demonstrated that mutation of the conserved phenylalanine residue in the RFxV motif to an alanine prevents NKCC1-SPAK interaction in yeast and validated these yeast-two-hybrid data by an independent GST pull-down assay (29) . Our yeast-two-hybrid analysis combined with co-immunoprecipitation studies clearly demonstrate that mutation of these key phenylalanine residues within the two RFxV motifs in AATYK1 prevent SPAK interaction. In contrast to the three catalytic mutants, the SPAK binding-deficient AATYK1 mutant was completely inert, unable to inhibit cotransporter function, indicating that AATYK1 affects NKCC1 function through its interaction with SPAK.
Perhaps our most surprising observation was the significant reduction in AATYK1 inhibition of NKCC1 when we mutated the conserved PP1 binding motif in the regulatory domain of the kinase. In other words, preventing PP1 binding to AATYK1 was almost as efficient as preventing SPAK interaction with AATYK1. The observation that the binding of both proteins appears to be necessary for the total AATYK1 effect on NKCC1 function, combined with the fact that the catalytic activity of AATYK1 is not required, indicates that the tyrosine kinase acts solely as a scaffold, bringing PP1 in close proximity to SPAK (Fig. 7A) . This observation offers considerable insight into the regulation of NKCC1, placing the dephosphorylation of SPAK by PP1 as one of the critical limiting steps in the activation/deactivation of the cotransporter. The PP1-deficient AATYK1 mutant also demonstrates that overexpression of AATYK1 does not act as a "sink" for SPAK, simply pulling the Ste20 kinase away from the cotransporter. Whether the scaffolding role of AATYK1 is functionally relevant in tissues or reveals a mechanism of action that could involve other proteins with similar function is still unresolved. In fact, the NH 2 -terminus of NKCC1 itself is a potential scaffold for both SPAK and PP1, as the kinase can bind to the first RFQV motif and the phosphatase can bind to the downstream RVNF motif. However, as the downstream RVNF site overlaps with a second SPAK binding site (6, 30), whether competition between the kinase and the phosphatase at the second site prevents PP1 dephosphorylation of SPAK and inactivation of the cotransporter is unknown. Interestingly, NKCC2, which shares sites of SPAK phosphorylation with NKCC1 and the first SPAK binding domain, lacks both the second SPAK binding and the overlapping PP1 binding motifs. To make the matter even more complex, we identified within the regulatory subunits of PP2A, strong motifs for SPAK interaction (8) . Thus, as for AATYK1 and NKCC1, the regulatory subunit of PP2A likely scaffolds both SPAK as well as its catalytic subunit. In these three examples (Fig. 7B) , the phosphatase is scaffolded in the vicinity of the kinase, indicating a critical role for scaffolding in mediating dephosphorylation of the kinase.
Using Northern blot analysis, Gaozza and coworkers (16) have shown expression of AATYK1 in kidney, heart, lung, skeletal muscle, and highest levels of expression in brain. These tissues also express NKCC1 in abundance (9) . The fact that AATYK1 was shown to be upregulated during apoptosis (16) and neuronal differentiation (31) indicates an important role for the tyrosine kinase as a signaling molecule. In myeloid 32Dcl3 cells, AATYK1 mRNA is undetectable under control conditions. Upon exposure to cytokines, which induce terminal differentiation and apoptotic cell death, mRNA levels increase markedly to reach a plateau after 5-7 days. Since apoptosis is associated with a significant decrease in cell volume, and with a significant loss of K ϩ and Na ϩ , ion transport pathways must be affected by programed cell death (11, 20, 21) . Several studies in particular have shown that inhibition of NKCC1 by bumetanide does not trigger apoptosis (17) but rather protect cells against apoptotic cell death (12, 23, 28) . In these studies, the activity of the Na-K-2Cl cotransporter increased intracellular Na ϩ , driving the Na ϩ /Ca 2ϩ exchanger, which resulted in a net movement of Ca 2ϩ ions into the cell leading to apoptosis. By inhibiting the cotransporter and thus preventing Ca 2ϩ entry, bumetanide protected against cell death. In contrast, during apoptosis, inhibition of NKCC1 function would prevent the movement of ions back into the cell and therefore facilitate the dehydration process. Whether AATYK1 is involved in shutting-off NKCC1 during apoptosis remains to be determined.
In conclusion, our findings suggest that AATYK1 indirectly inhibits cotransporter activity by scaffolding an inhibitory phosphatase (PP1) in proximity to a stimulatory kinase (SPAK), thus allowing PP1 to dephosphorylate SPAK. SPAK dephosphorylation, in turn, results in the inhibition of SPAK/ WNK4 activation of the Na-K-2Cl cotransporter.
